Galaxy redshift surveys using optical telescopes have, in combination with other cosmological probes, enabled precision measurements of the nature of dark energy. We show that radio telescopes are rapidly becoming competitive with optical facilities in spectroscopic surveys of large numbers of galaxies. Two breakthroughs are driving this change. Firstly, individual radio telescopes are more efficient at mapping the sky thanks to the large field-of-view of new phased-array feeds. Secondly, ever more dishes can be correlated in a cost-effective manner with rapid increases in computing power. The next decade will see the coming of age of the 21 cm radio wavelength as a cosmological probe as first the Pathfinders then, ultimately, the Square Kilometre Array is constructed. The latter will determine precise 3D positions for a billion galaxies, mapping the distribution of matter in the Universe over the last 12 billion years. This radio telescope will be able to constrain the equation of state of dark energy, and its potential evolution, to a precision rivalling that of future optical facilities such as DESI and Euclid.
Introduction
The nature of dark energy, as parameterised through the ratio of the pressure to density in the equation of state w, can be probed through measurement of the distribution of matter on large scales, quantified by the matter power spectrum [1] . Measuring the power spectrum across redshift, z, can constrain evolution in the equation of state, w(z). At higher redshifts (z>>1) the impact of dark energy becomes increasingly difficult to measure as the matter component dominates the evolution of the Universe. As distinct from this 'late' dark energy is an 'early' dark energy (e.g. [2] ) which has a much larger equation of state at early times such that its density was still significant (and hence potentially measurable, or at least strongly constrained [3] ) at high redshift. In general, any result showing w = − 1 or evolution in redshift would falsify the current concordance model of dark energy as a Cosmological Constant. Observationally we measure the positions of galaxies, constraining the galaxy power spectrum P gal which traces the underlying matter power spectrum P . The 3D power spectrum P gal is constructed from the angular distribution of these galaxies, together with their line of sight distance as given by their redshift. Historically, this redshift has been measured from the optical spectrum of the galaxy.
As well as measuring the shape of the matter power spectrum across a variety of scales it is possible to use a particular feature in the power spectrum known as the Baryonic Acoustic Oscillation (BAO) to further constrain cosmological parameters [4] . This BAO appears as an enhancement of galaxies separated by ∼105 h −1 Mpc. The BAO is a remanent feature from sound waves oscillating in the Early Universe, which are left 'frozen' in place as the sound speed of the coupled-photon-plasma stalls (at the baryon drag epoch z≈1020) shortly after the Universe becomes fully neutral, known as the Epoch of Recombination (z≈1090). This results in a region of increased density that will then collapse to form galaxies, separated by a preferred scale [5, 6, 7] . The exact scale of the BAO depends on the sound horizon at the Epoch of Recombination [8] . This horizon (to first order) depends on the physical matter and baryon densities; Ω m h 2 and Ω b h 2 respectively (where h≡H 0 /100km/s/Mpc and H 0 is the locally measured Hubble parameter). Ultimately the scale of the BAO acts as a 'standard ruler' which we can measure at low redshift, and compare to the same scale at high redshifts (the highest redshift is seen measured in the CMB; Cosmic Microwave Background). Modifications to the scale at late times constrains the accelerating expansion of the Universe, which we can attribute to dark energy.
In addition to measuring the matter power spectrum and BAO signal there are numerous other tests that can be performed using a galaxy redshift survey. For example, the validity of the theory of General Relativity on large scales can be tested through the rate of growth of structure [9] . As well as using BAOs as 'standard rulers', one can also use 'standard spheres' [10] in the Alcock-Pazynski test [11] to measure cosmic expansion history. The importance of measuring the power spectrum alongside these other tests was emphasised in [12] , with errors on constraints such as the total neutrino mass halving when the matter power spectrum was included with a dataset containing BAOs, CMB experiments and local Hubble parameter measurements. In addition, by surveying significant spatial volumes the matter-radiation equality epoch can be probed directly in the power spectrum by measuring the 'turn-over' in the spectrum [13] .
To date, all of the cosmological parameter constraints from the matter power spectrum have been calculated from optical galaxy redshift surveys. An alternative approach to determining redshifts with optical spectra is to use a naturally occurring spectral feature of cold gas, that of the spin-flip transition in neutral hydrogen (HI ) at a rest-frame wavelength of ∼21 cm. Most HI resides in galaxies making it a ubiquitous tracer of large scale structures. It suffers little absorption or obscuration and naturally provides the spectral redshift making it an ideal tool to undertake a galaxy redshift survey [14] . The major drawback in using this line is that it is incredibly weak and requires enormous collecting area relative to optical facilities to enable a survey of a significant number of galaxies to be completed in a reasonable timeframe.
It has been suggested (e.g. [15, 16, 17, 18] ) that radio telescopes are uniquely powerful probes of the high-redshift (1.5≤z≤12) matter power spectrum through constraining the large-scale 21 cm fluctuations (with the signal averaged over scales of order 10 Mpc). This is a particularly powerful probe of the acoustic peak which would be typically an order of magnitude larger than smoothing scale of the observation, permitting a simple and direct measure of the acoustic scale since the Epoch of Reionisation [18] . Furthermore, it has been argued [19] that one can marginalise over the rapidly changing fluctuations of the 21 cm signal during the Epoch of Reionisation and recover cosmological parameter constraints almost as tight as if the underlying matter power spectrum had been directly measured. Interestingly, measurements of the 21 cm signal at these high-redshifts are particularly effective in constraining non-Gaussianity in the primordial density field to test inflation models [20] as well as testing the nature of dark matter [21] . We will restrict ourselves in this work to a like-for-like comparison between optical and radio galaxy (spectroscopic) redshift surveys in the overlap region z<2 but note that the potential power of new cosmological probes with radio telescopes could outperform the more standard methodology discussed here.
A significant difference between next generation radio telescopes and optical facilities is that the latter typically build fewer, larger (and therefore more expensive) mirrors while radio tele- [14] scopes can be constructed from numerous, smaller mass-produced (therefore cheaper) dishes. A major expense in radio observations is in combining (correlating) the signal from multiple dishes, which is computationally intensive. Fortunately the cost of computing approximately halves every 18 months (a trend known as 'Moore's Law, e.g. [22] ) and offers a path to constructing extremely large telescopes that can detect the weak HI signal in a modest survey time. An exciting further development in radio telescopes is their increasing field-of-view (1 − 30 deg 2 ) with the development of phased array feeds [23] . These phased array feeds sit at the focus of the radio telescope and are analogous to pixels in a digital camera; enabling multiple beams across the sky to be imaged at once. This enables an enormous increase in survey speed (area of sky scanned to a given luminosity limit in a set amount of time) permitting the possibility of all sky surveys to heretofore unrivalled depth. Taken together, new 'front-end' feeds and ever cheaper computational 'back-end' correlators would appear to suggest that the radio facilities will become competitive with optical telescopes in the coming decades. We introduce the quantitative measure of a galaxy redshift survey in constraining cosmological parameters, the effective volume, in Section 2. We then discuss the sample of galaxy redshift surveys we have compiled in Section 3. From this sample we discuss the rapid growth in the effective volume probed by galaxy redshift surveys in Section 4 and conclude in Section 5.
Cosmological Parameter Estimation
The ability of a galaxy redshift survey to constrain cosmological parameters depends on how well it has measured the matter power spectrum P (k) at a given scale of interest or wavenumber k. The typical measurement of the power spectrum will suffer from two sources of error. The first is sample variance, that not all k modes are measured by a survey (or equivalently that it isn't sampling a representative volume of the Universe), the second is shot-noise in the measurements that are made on an individual mode. As given in [38, 39] the total error σ P on the measurement of the power spectrum, P (k, z), for a given k with logarithmic bin width ∆(log k) can be expressed as
where P = P (k, z) and n = n(z) is the number density of galaxies which are detected (making nP dimensionless)
in which M lim (z) is the limiting HI mass threshold that can be detected for a given HI survey, and V eff (k) is the effective survey volume probed for a particular k-mode
in a survey of sky area surveyed ∆Ω with dV /dzdΩ the infinitesimal comoving volume element for a Friedmann-Robertson-Walker universe. In Table 1 we have calculated this effective volume for a number of surveys presented in Section 3.
In designing a cosmological survey there is thus a balance between the precision at which a given mode is measured (through increased integration time spent on one region) and the number of modes measured by a survey through scanning larger areas of sky. The former approach of limiting a survey volume can increase the number of k modes measured in the survey by increasing the galaxy number density to measure smaller scales (higher k-modes). However, non-linear effects of structure growth which are difficult to model at ever smaller scales typically limit the useful cosmological information to k≤0.1 h Mpc −1 [28] in the local universe.
As noted by [40] for a survey of fixed number count the minimum error on the power spectrum measurement is attained by increasing the volume surveyed such that a number density of sources n ∼ P −1 is achieved for the k-mode of interest. Therefore, the most cosmological information is achieved by maximising the survey volume (at a given number density) in which case a survey should prioritise sky area over depth as the former increases linearly in time while the latter increases only as the square root of the integration time [37] . As discussed by [1] designing a survey such that nP is greater than unity is preferable in practice. For nP > 1 the signal-to-noise per pixel in a map is increased enabling higher-order statistics to be calculated (such as testing for non-Gaussianity). Additionally, subsamples of the galaxy population can be created to test for systematics. To that end, when we calculate the effective volume for radio surveys in Section 4.1 we will use the recommended nP =3 [1] . We note that using the effective volume as a comparison between surveys is only a rough (30%; [26] ) measure for the statistical performance in constraining cosmological parameters from the power spectrum, with error reducing as σ
Bias
The power spectrum as measured by a galaxy survey is not the same as the underlying matter power spectrum. Instead, the galaxies represent a biased tracer of the 'true' distribution. We can relate the two power spectra through P gal (k, z) = b 2 P (k, z) where b is the bias parameter and can be both scale and redshift dependent. Particular surveys will tend to sample a population of galaxies with a given bias, for example, the SDSS Large Red Galaxy survey in [26] has b≈3 which can be compared with the smaller blue star forming galaxies of [28] in the 6dFGS with b≈2. This has a significant effect on the detectability of the power spectrum as a high bias will raise the signal-to-noise of the detection for a given galaxy number count.
The near unbiased (indeed potentially anti-biased) value of HI selected objects (b≤1 [41] ) may appear to be a mark against its use as a selection technique. However, a low bias indicates a galaxy population that predominantly avoids regions of large overdensity, i.e. galaxy clusters, as the HI is removed through, for example, or tidally harassment by neighbours [42] or ram pressure stripping [43] / strangulation [44] by the hot halo of the high-density regions. The end result is that a blind HI survey will naturally avoid regions of large overdensity, and therefore the peculiar velocity effects inherent to these regions (such as the fingers of god). These effects are a significant limitation in probing the underlying matter power spectrum to ever smaller scales (larger k-modes) as complex non-linear evolution of P gal has to be modelled. By selecting against these regions the HI survey (or any technique that selects a low bias tracer) will be able to probe higher k-modes still in the linear regime [45] at low redshifts. This will be a significant gain [45, 36] over current optical surveys which have a maximum of ∼0.1 h Mpc −1 [28] in the local universe. We note that for surveys at higher redshifts the linear regime extends to larger k-modes, for example WiggleZ [4] and SDSS BOSS [46] are able to probe to ∼0.2 h Mpc −1 .
Extending the measured range of the matter power spectrum will maximise the cosmological constraint from a given survey and is particularly valuable for measuring neutrino masses [12] . Probing to high k-modes is crucial for the technique of redshift space distortions which is not included in the discussion here, but which is valuable both for constraining dark energy and testing the validity of the theory of General Relativity on cosmological scales (e.g. [45] ).
Survey List
The last decades have seen a revolution in our capability to survey ever larger regions of space in a given time. We have compiled a list of a number of these notable redshift surveys both at optical and radio wavelengths. Although the list is not meant to be exhaustive, it is meant to be an instructive comparison between radio and optical facilities. To that end we consider only spectroscopic redshift surveys. Notably, this means we exclude the upcoming photometric redshift Dark Energy Survey (DES [47] ), which is expected to find 10 8 galaxies. In addition, we don't include the Large-scale Synoptic Survey Telescope (LSST; [48] ) which will potentially discover billions of photometric redshifts.
At radio wavelengths we have ignored the possibilities of intensity mapping. As discussed in Section 1 this is a promising technique that would survey the sky at low angular resolution, coadding the confused signal from numerous individual galaxies to measure the HI distribution on large scales [49] . We note a new single dish facility (BINGO; [50] ) has been proposed to undertake just such a survey, which could constrain the BAO scale to 2.4% (and thereby the equation of state of dark energy to 16%).
Another promising technique with radio telescopes is to detect galaxies by their continuum emission. This is significantly easier to detect than the HI signal ensuring many more galaxy detections for a given survey time but unfortunately these will not have spectroscopic redshifts. Instead, either the angular power spectrum (distribution across the sky) can be measured, or cross-correlations with other catalogues can be used to statistically measure the line of sight power spectrum. Continuum surveys are potentially a powerful cosmological probe which suffer different systematics to existing methods [51] . Using the upcoming Australian Square Kilometer Array (SKA) Pathfinder continuum survey EMU [52] together with Northern hemisphere counterparts LOFAR (the LOw Frequency ARray for radio astronomy [53] ) and WODAN (the Westerbork Observations of the Deep Apertif Northern sky survey [54] ) the dark energy equation of state could be measured [51] to ∼5% and evolution σ(w a )∼12%.
In comparing galaxy redshift surveys we have recalculated the quoted effective volumes to the same fiducial scale, k = 0.065 h Mpc −1 which is approximately the position of the first BAO 'peak' in the power spectrum [37] . For completeness where possible we have quoted the known (or estimated) dark energy equation of state constraints from the survey, but due to the inherent difficulty of various dataset combinations used by different authors and cosmological parameter choices (although we have attempted to be as consistent as possible) we choose to compare the surveys using their effective volume. As noted by [14] the error on the equation of state should approximately decrease as the square root of this volume.
In Table 1 we list the various surveys, their effective volumes, number of galaxies found (or estimated to be detected) and the (estimated) year of completion. For upcoming facilities we note the expected completion data plus the estimated time taken for the given survey (in parenthesis).
Optical Surveys
The first optical survey we consider is the 2-degree Field (2dF) Galaxy Redshift Survey [55, 56] which successfully measured the matter power spectrum using 10 5 galaxies [24] . The twopoint correlation function (the Fourier transform of the power spectrum) was measured using a similar number of galaxies [25] from the Sloan Digital Sky Survey (SDSS [57] ). We note that the measured matter power spectrum of [25] from the SDSS Main Galaxy sample in Data Release 3 is in fact only half the effective volume of that survey, making it equivalent to the 2dF GRS, and instead we take the full volume as described in [26] . In addition, the Baryonic Acoustic Oscillation was detected in a subsample of Large-Red Galaxies [26] from this dataset. The resultant error on the equation of state for the SDSS DR3 Main and LRG sample (which uses the BAO measurement and CMB constraints [58] ) is approximately 20 per cent [26] .
The SDSS has continued to survey the Universe, with several data releases (e.g. [59, 60] ) adding substantial numbers of new galaxies over ever larger cosmological volumes (e.g. [61, 62] ). From these updates we have selected the SDSS III -Baryon Oscillation Spectroscopic Survey (BOSS; [63] ) and its first release the SDSS CMASS sample of [30] . We have recalculated the quoted V eff (k = 0.1 h Mpc −1 ) = 2.2Gpc 3 of the SDSS CMASS result to V eff (k = 0.065 h Mpc −1 ) = 0.99 h −3 Gpc 3 . The SDSS CMASS sample, together with CMB results from the Wilkinson Microwave Anisotropy Probe Year 7 (WMAP7; [64] ) data release, was able to constrain a non-evolving equation of state (at z ∼ 0.57) to approximately 27% [30] , and with the addition of SDSS LRG constraints from [65] this tightens to 20%. The full BOSS sample is ex-pected [63] to constrain an evolving dark energy equation of state 2 to 1σ errors of σ(w p ) = 0.030 and σ(w ) = 0.32.
The WiggleZ Dark Energy Survey [66] obtained spectroscopic redshifts of 2.3 × 10 5 galaxies at large cosmological distances (0.2<z<1) which were used to measure the matter power spectrum [29] . We note that, as described in Section 1, this survey in particular has been successful in utilising a variety of cosmological probes such as redshift space distortions, and growth of structure tests, to further constrain cosmological parameters. However, for this work we only consider the ability of the WiggleZ Dark Energy Survey to measure the matter power spectrum [67] . Using the power spectrum measurement, together with WMAP7 CMB data and a local measure of the Hubble expansion [68] to anchor this high redshift galaxy survey, WiggleZ DES measured a non-evolving equation of state to 8 per cent [67] .
Currently, the leading optical constraints of the matter power spectrum in the local Universe is from the 6 degree Field Galaxy Survey (6dFGS; [69, 27] ). This project utilised the large fieldof-view of the UK Schmidt Telescope to survey a full hemisphere (i.e. half the sky) providing the most precise measurement of the local matter power spectrum [45] . In [28] it was shown that adding 6dFGS to the SDSS LRG sample with the WMAP7 CMB dataset was able to improve the constraints on the dark energy equation of state by 24 per cent (from 17 per cent uncertainty to 13). We were unable to find the expected dark energy constraints for the TAIPAN 3 survey, but based on the estimated performance from [28] who found it to be similar to the WALLABY 4 survey on the Australian SKA Pathfinder [70, 71] , we can quote the radio telescope performance of constraining a non-evolving equation of state to 20 per cent [36, 72] for TAIPAN.
The future for optical spectroscopic surveys will be, from the ground, DESI (Dark Energy Spectroscopic Instrument [73, 74] ) and, in space, the Euclid satellite [33] . DESI is forecast to measure [74] as many as 18 million emission-line galaxies, 4 million LRGs and 3 million quasars across a fiducial 14000 deg 2 of sky and a redshift range (0<z<3.5). We take the effective volume calculated by [32] , formally for the BigBOSS mission but as discussed in [75] these values are representative for DESI. Euclid aims to detect redshifts of hundreds of millions of galaxies [33] during the six year mission, along with additional constraints through the weak gravitational lensing signature of intervening mass concentrations amongst other tests. For these new surveys we have taken the Fisher-matrix error prediction of [75] who performed a large cosmological parameter search, using Planck priors, and various combinations of optical surveys. In particular, we quote their Table XIII for the case of Planck plus DESI which would constrain the dark energy equation of state w 0 and its evolution w (according to w = w 0 + (1 − a)w ) to 1σ errors of 0.10 and 0.33 (using the full power spectrum to k≤0.1 h −1 Mpc, and BAO). For the case of Euclid, [75] conservatively assumed only half the number of galaxies as predicted by [33] would be detected. When [75] added the Euclid results to the existing Planck plus DESI errors they found only a marginal improvement in the errors to σ(w 0 ) = 0.099 and σ(w ) = 0.29.
Radio Surveys
The first large volume HI survey we consider is the HI Parkes All Sky Survey (HIPASS; [76, 77] ) which performed a full southern hemisphere survey with the Parkes telescope (effective surface area ∼10 4 m 2 ) and detected 4 × 10 3 galaxies. A smaller sky area but deeper redshift survey, the Arecibo Legacy Fast ALFA survey [78] , used the much larger Arecibo dish (∼10 5 m 2 ) to discover 3 × 10 4 galaxies [35] . Looking ahead the largest single dish in the world, the Five-hundred metre Aperture Spherical Telescope [79, 80] , will potentially find 10 6 galaxies in its current 19-beam system configuration [37] . In [37] a future upgrade to a 100-beam system was proposed which could detect ∼10 7 galaxies, and constrain a non-evolving equation of state to five per cent (when combined with Planck priors). The fiducial 19-beam system has four times lower effective volume, resulting in constraints a factor √ 4 worse [14] than this proposed 100-beam system. This would therefore result in FAST-19 being competitive with the constraints of [28] who used 6dFGS (together with the SDSS LRG sample and CMB data from WMAP7).
In analogy with the optical Euclid facility, the future for radio-led cosmological surveys will be the Square Kilometre Array, with a fiducial telescope footprint area of 10 6 m 2 to be constructed by 2025. There are several smaller precursor facilities for the SKA that are nearing completion in the meantime. The first is the low-frequency Murchison Widefield Array [81] which will survey the high redshift Universe, in particular the Epoch of Reionisation, but is unlikely to be used to constrain the matter power spectrum as detailed here. A limited sky area but extremely deep galaxy redshift survey in HI will instead be carried out by the 60-dish Meer-Karoo Array Telescope (MeerKAT; [82] ) and a larger sky area but shallower survey by the 36-dish ASKAP [70, 71] . In particular, the latter facility will potentially detect [36, 72] 7 × 10 5 galaxies out to z = 0.26 that will enable measurements of the matter power spectrum to constrain a non-evolving dark energy equation of state (when combined with Planck priors) to better than 20 per cent, as mentioned before this is comparable to TAIPAN.
After the SKA pathfinder is the Phase 1 SKA, termed SKA1, which has approximately 10 per cent of the final collecting area of the 'full' SKA (termed SKA phase 2, or SKA2). We have used the straw-man design specifications 5 for this telescope. In particular, we assume that 70% of the 250-15m dishes lie within 2.5km of the core, with a system temperature of 30K (as given for the 1-2GHz frequency coverage of the survey redshift range z = 0 − 0.42 we consider here). We note that extending the redshift range to z = 1 increases the effective volume by less than ten per cent as the number density of galaxies beyond z = 0.42 rapidly falls off (for the assumed integration time). We consider a fiducial integration time of 8 hours (for the angular resolution of the telescope this will maximise galaxy counts and volume surveyed [37] ). Sky coverage is assumed to be the same as ASKAP at 3Π steradian. Errors on the equation of state approximately decrease as V 1/2 eff [14] such that SKA1 could determine a non-evolving equation of state to several per cent.
Our quoted numbers for the SKA2 are from the model of [14] of an all-sky survey with a field-of-view, that increases as the square of the (redshift) wavelength and is 1 deg 2 at z = 0, detecting approximately 10 9 galaxies over the course of a year. Such a survey could potentially constrain the dark energy equation of state w to one percent and evolution over several redshift bins up to z < 1.5 parameterised as w = w 0 + w 1 z with w 0 to 3.5 per cent, and the error on the evolution w 1 to 10 per cent [14] .
Effective Volume Scaling Relations
In Fig. 1 we show the effective volumes of the various surveys listed in Table 1 as a function of the number of galaxies they have found / are expected to find. It is clear that there has been a rapid increase in the size of the surveys over the last decade yet these successes will be dwarfed by the future surveys proposed by SKA and Euclid.
Effective Volume and Galaxy Counts
From a low base relative to optical surveys the effective volume probed by the radio telescopes as well as the number of galaxies detected is predicted to rapidly increase. Indeed, there appears to be a strong correlation between the volume and number of galaxies found across all surveys in Fig. 1 . This correlation is by design, as it naturally follows from the diminishing return with increasing the observed number density of galaxies significantly beyond the optimal measurement n∼P −1 of Eqn. 3, as noted by [40, 1] . As discussed in Section 2, to gain the largest effective volume for a given number of galaxies, a survey should maximise the volume it probes at a constant minimum number density meaning the effective volume will scale approximately linearly with the number of galaxies detected in that volume. In fact, the scaling will be sublinear as the majority of galaxies are detected at lower redshifts than the maximum redshift at which the minimum number density is achieved. This results in nP >> 1 for the modes within the survey, which is a suboptimal use of the galaxies in constraining the power spectrum (ideally the survey would have a constant number density to the edge of the survey volume). In practice, when we calculated the radio surveys in this work we chose the conservative measurement goal of nP ∼ 3 as argued by [1] and discussed in Section 2.
To determine if this simple sub-linear scaling occurs we fit each wavelength with a power law, shown as a grey solid (dashed) curve for the radio (optical) survey, of the form
where A gal , B gal are given by 0.85, −6.26, (0.65, −3.98) for radio (optical) respectively. As expected the effective volume is a sub-linear scaling with galaxy numbers detected. This correlation is of course by design as individual galaxy redshift surveys will maximise the effective volume probed based on the galaxy sample they are targeting. We can see in Fig. 1 the SKA1 prediction has a higher effective volume than the best fit power law (solid line), indicating that the galaxies will likely be used more efficiently than previous radio surveys have achieved. The SKA2 prediction lies below the best fit line indicating it will attempt to survey more galaxies than needed to probe the target effective volume, however, there are of course other scientific cases to be made with such a large dataset which may justify the increased galaxy count. Note that for a given number of detected galaxies the optical surveys always probe a larger effective volume than the radio survey. This is in part due to the larger bias that optically derived galaxies exhibit relative to radio detections, which increases the given power spectrum normalisation at k = 0.065 h Mpc −1 as the square of the bias. This means that the condition from [40] of n∼P −1 becomes n∼(P b 2 ) −1 , reducing the required number density for a given a measurement of the power spectrum by a factor b 2 .
Effective Volume in Time
We consider the scaling of the effective volume probed by the surveys in time in Fig. 2 . We now find a log-linear relation between the typical effective volume at k = 0.65 h Mpc −1 of the radio surveys and the year T year that the survey finished, given by 3) as a function of total galaxy count for various galaxy redshift surveys at optical and radio wavelengths. Symbol size indicates the approximate year that the survey finished (will finish). The optical (radio) surveys are given by squares (circles) with colours indicating the survey (also annotated beside each point). We fit a power law scaling between the effective volume of the survey and the number of galaxies (eqn. 4) which we show as the grey solid (dashed) curve for radio (optical) surveys. We have overlaid the scaling of effective volume with survey completion year (Eqn.5) as the grey square (circle) symbols on the dashed (solid) curve for the optical (radio) survey, respectively.
where the constants of proportionality A time , B time , C time are 6.3 × 10 −3 , 2.1 × 10 −2 , −3.4 (1.1 × 10 −3 , 5.5 × 10 −2 , −1.0) for the radio (optical) surveys. The exact best fitting values are arbitrary but the relative values indicate that the effective volumes probed by the radio surveys are rapidly advancing on the optical surveys. This would suggest a 'coming of age' of the radio wavelength as a cosmological probe, with parity to optical surveys occurring by 2025, with the completion of the full SKA. The rapid rise in effective volume in time is indicative of another well known log-linear relation, in which computing power doubles every 18 months known as 'Moore's Law' (e.g. Eqn. 1 of [22] ). We have overlaid this relation as a grey dot-dash curve in Fig. 2 with arbitrary normalisation (we have chosen the computationally challenging ASKAP facility as a reasonable example of a supercomputer powered 'correlator'). We have implicitly assumed that doubling the computing power available will double the number of galaxies surveyed and, assuming a uniform distribution of galaxies, thus a doubling of effective volume probed. It is clear that from a low base radio surveys will have to rapidly increase in time, indeed faster than 'Moore's Law', to reach the expected SKA1 and SKA2 targets. Since 'Moore's Law' can be thought of as a doubling of computing power every 18 months for fixed cost it then raises the question of whether the computing power to analyse these surveys will be sufficient at current cost. If not, full correlation of all dishes for SKA1 / SKA2 may be delayed until such time as computing power has caught up given current budget constraints.
Conclusion
In this work we have compiled a representative sample of past, current and planned spectroscopic galaxy redshift surveys at radio and optical wavelengths. We have either taken the effective volume of the surveys from the literature or calculated this metric ourselves to enable a crude comparison to be made between drastically different surveys covering a time span from 2002 -2025. We note that the error on the power spectrum (and hence cosmological parameter estimation) reduces as the square root of the effective volume (Eqn. 3) making this a convenient metric for comparison between surveys.
We discussed the various dark energy constraints from different surveys, noting that based on galaxy power spectrum measurements the DESI and Euclid optical surveys are essentially equivalent [75] and of comparable constraining power to the expected full SKA [14] . Until this time however, the optical surveys will be vastly dominant over contemporary radio surveys. The exception to this conclusion is the promising technique of intensity mapping [17] with radio telescopes. This approach can rapidly survey the high redshift matter power spectrum, while less useful to constrain 'late' dark energy (as matter dominates over the dark energy component above z>2) this would be invaluable for probing 'early' dark energy which would have a significant, and measurable, dark energy signature at early times [2] .
As a general result we found that for a given galaxy count an optical survey would probe a larger effective volume than the corresponding radio survey, as shown in Fig. 2 . We attribute this to the higher typical bias b of galaxies selected by an optical survey, which results in an increased measured power spectrum at a given scale (increasing as b 2 ) and hence larger effective volume probed. A counterpoint to this is that a galaxy sample with low bias naturally selects against over-dense regions, which minimises the hard-to-model effects of non-linear structure growth on the matter power spectrum at small scales (high k-modes). A low bias survey can thus increase its ability to constrain cosmological parameters by extending the measured power We plot the effective volume of a galaxy redshift survey (Eqn. 3) as a function of the year it was completed for both optical and radio facilities. The rapid rise of the radio effective volumes has been due in part to ever cheaper computational hardware to efficiently, and cost-effectively, correlate ever larger numbers of dishes. The doubling of computing power every 18 months, known as 'Moore's Law' (e.g. Eqn. 1 of [22] ), is shown as a grey dot-dash curve, in which we assume that a doubling of computer power corresponds to a doubling of effective volume. We see that from a low base the rapid rise of radio telescope performance is in fact predicted to outpace 'Moore's Law'. spectrum to higher k-modes.
We considered the effective volume as a function of the year the survey was completed in Fig. 2 and found a strong log-linear relation. The rapid rise of radio telescope performance means that despite a lower base in early 2000s the planned radio surveys will potentially reach parity with optical surveys by 2025 (i.e. with the full SKA). The log-linear growth of the survey performance was reminiscent of the doubling in computing power every 18 months, known as 'Moore's Law'. However, we note that the predicted rise of the radio telescopes is in fact significantly more rapid than 'Moore's Law'. If computing power is the limiting factor in the SKA design then this raises the possibility of a delay in full SKA2 by of order five years (or a significantly more expensive computing hardware outlay in 2025). Alternatively, the community may be able to invest in radically more efficient software design to mitigate this issue. Regardless, the next decade will see the development of wide field-of-view phased array feeds on numerous small dishes enabling rapid, cost-effective HI surveys of the sky. These surveys are naturally spectroscopic in nature and will result in 3D positions of potentially billions of galaxies, probing large effective volumes.
The next generation of radio facilities will thus become 'software' telescopes that can harness new computing power to remain competitive with other wavelengths, and represent a 'coming of age' of radio telescopes in which they probe a similar effective volume to optical based surveys.
